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Introduction {#sec001}
============

Environmental alterations related to global change have significant impacts on biodiversity and thus on many aspects of community and ecosystem functioning \[[@pone.0143372.ref001]--[@pone.0143372.ref003]\]. The resilience and resistance of ecosystem function to perturbations are closely related to organisms' phenotypic plasticity in both temporal and spatial scales \[[@pone.0143372.ref004]--[@pone.0143372.ref006]\]. Besides fixed effects (local adaptation), local acclimatization contributes importantly to heat tolerance, as recently shown for reef coral resistance to future increases in sea temperature \[[@pone.0143372.ref007]\]. Therefore, it is crucial to investigate the impacts of acclimatization on the resilience and resistance to changing environments.

Changes in temperature on seasonal or even diurnal time-scales lead ectothermic animals to make acclimatory responses, which include the detection of environmental signals, the transduction of these signals into a cellular response, and the activation of the molecules that cause a change in phenotype \[[@pone.0143372.ref008],[@pone.0143372.ref009]\]. Stress responses play an important role in shaping species distributions and robustness to climate change \[[@pone.0143372.ref010]\]. Moreover, many aquatic organisms have developed capacities for thermal acclimatization that provide greater tolerance to exposure to stressful temperatures \[[@pone.0143372.ref011],[@pone.0143372.ref012]\]. Although acclimatization usually occurs within an individual's lifetime, its effects may sometimes persist for several generations \[[@pone.0143372.ref013]\]. Therefore, acclimatization responses of individuals can provide fitness advantages in a population over generations. The potential mechanistic bases of this phenomenon include parental supply to offspring of nutrients, hormones, mRNA, or other factors that alter the physiological state at birth \[[@pone.0143372.ref014]\]. This situation has been well studied in bacteria and insects \[[@pone.0143372.ref013],[@pone.0143372.ref015]--[@pone.0143372.ref017]\]. However, few studies focus on sea cucumber *Apostichopus japonicas*, one of the most important aquaculture species in China.

Sea cucumber aquaculture is a thriving and prosperous industry, with a production value of \$3.2 billion USD in 2013 \[[@pone.0143372.ref018]\]. This species has an average lifespan of 8--10 years, and the age for sexual maturity is 2--3 years. It is naturally distributed in northern China, and the southmost distribution lies in Ping Island (35°05\'N, 119°53\'E), Shandong Province. The thermal tolerance range of *A*. *japonicus* is from \~0°C to \~30°C, and the optimum temperature for growth is 15--23°C \[[@pone.0143372.ref019],[@pone.0143372.ref020]\]. Previous studies show that *A*. *japonicus* is sensitive to high temperature, and adults enter aestivation when water temperature is about 20\~24.5°C \[[@pone.0143372.ref021],[@pone.0143372.ref022]\]. This aestivation usually lasts about three months in northern China and most individuals are in a state of fasting, inactivity and low metabolism \[[@pone.0143372.ref021]\]. During summer, large scale mortality occurs and, after aestivation, surviving sea cucumbers lose more than half of their body weight in autumn. Acute heat shock can improve the thermal tolerance of *A*. *japonicus*. After 2-h heat shock at sublethal temperature (30°C), juvenile sea cucumbers could acquire higher thermal tolerance than those that didn't experience sublethal heat shock, indicating the existence of plasticity of thermal tolerance in this species \[[@pone.0143372.ref023]\].

Thermal acclimatization can affect numerous physiological traits that are closely related to ecological fitness. Previous studies have shown that critical temperature and metabolism are strongly influenced by the thermal history \[[@pone.0143372.ref024]--[@pone.0143372.ref027]\]. Oxygen consumption is an important physiological trait and is proposed to be the determining factor for thermal tolerance for many ectotherms \[[@pone.0143372.ref028]\]. The induction and up-regulation of heat shock proteins (Hsps) occurs as a cellular defense against thermal stress, and they are crucial for maintaining cellular protein stability and resistance to heat stress \[[@pone.0143372.ref029]\]. The expression levels and patterns are closely related to animals' thermal tolerance, distribution and population dynamics \[[@pone.0143372.ref030]--[@pone.0143372.ref033]\].

To understand the mechanism of the resistance of marine invertebrate to elevated temperatures under scenarios of future climate change, it is important to know the parental effect of long acclimatization on thermal tolerance of juveniles. If offspring whose parents experience high temperature acclimatization can acquire higher thermal tolerance, then the negative impact of climate change on population dynamics and ecosystem functioning will be reduced. In the present study, we hypothesized that acclimatization of adult sea cucumbers *A*. *japonicus* could change the thermal limits of juveniles, and the modification of thermal tolerance was closely related to the changes in oxygen consumption rates and expression of *hsp*s.

Methods {#sec002}
=======

Ethics statement {#sec003}
----------------

Both sites at Qingdao and Xiapu were private and the owners gave permission to conduct the transplantation and the following study. As *A*. *japonicus* is not a protected species, and collections were only made from private enterprises, no other specific permits were required to collect this species from these locations/activities. All procedures involving the collection and sampling of sea cucumber during this study were approved by the Animal Care and Use committee of State Key Laboratory of Marine Environmental Science at Xiamen University.

Collection and acclimatization of animals {#sec004}
-----------------------------------------

Adult sea cucumbers (mean body weight \> 200 g) from the same broodstock were collected from an aquaculture facility in Qingdao (36°21\'N, 120°43\'E) and transplanted to Xiapu (26°41\'N, 120°06\'E) using cool boxes to keep the temperature below 20°C ([Fig 1A](#pone.0143372.g001){ref-type="fig"}). Transplanted animals were reared in the traditional multi-tier baskets ([S1A Fig](#pone.0143372.s001){ref-type="supplementary-material"}), each basket consisting of six vertically connected tiers ([S1B Fig](#pone.0143372.s001){ref-type="supplementary-material"}), the inside surface of a tier being 0.486 m^2^. Then they were hung on fish raft in shallow water (1--2 m in depth). Two animals with total wet weight of \~ 400 g (the rearing density typically used in the traditional culture system) were stocked per tier, and this rearing density was maintained during the whole period of adult sea cucumber acclimation. For each group, there were more than 10 traditional multi-tier baskets, and 5 of them were randomly chosen to test the mortality of adult sea cucumbers during acclimatization. Sea cucumbers were fed *ad libitum* twice a week with a mixture of seaweed and mashed forage fishes in winter and early spring. When ambient water temperature was beyond 20°C, sea cucumbers entered a state of aestivation. At that time, there was no need for feeding.

![(a) Water temperature in Xiapu and Qingdao.\
Water temperatures were measured daily from January to February 2012; **(b) a scheme representing the thermal history of the different groups** (see text for details).](pone.0143372.g001){#pone.0143372.g001}

Groups with different thermal histories {#sec005}
---------------------------------------

According to the thermal history of adult sea cucumbers, four different groups were constructed ([Fig 1B](#pone.0143372.g001){ref-type="fig"}). Animals of group 1 were juveniles that were transplanted from Qingdao to Xiapu in April 2013; individuals of group 2, group 3 and group 4 were descendants of the adults that were transplanted from Qingdao to Xiapu in November 2012, June 2012 and June 2011, respectively. The duration of acclimatization of adults was gradually extended from group 1 to group 4, and group 4 was the longest-acclimatization group.

Artificial breeding and larvae rearing {#sec006}
--------------------------------------

The artificial breeding of group 2, group 3 and group 4 was carried out in March 2013 in Xiapu. For each group, in total 50 well-developed adult sea cucumbers (mean wet weight \> 400 g) were chosen and induced to spawn applying the following procedures. The holding tank (6.0 m × 1.0 m × 1.5 m, length × width × height) was drained completely leaving the sea cucumbers to dry for 40 min, and then the individuals were sprayed 10 min with 18°C seawater. Then the holding tank was filled with fresh 21°C seawater. Usually, the broodstock began to spawn 2 h after spraying.

After spawning, the broodstock were removed, while fertilization took place in the water. The eggs were washed several times to remove excessive sperms \[[@pone.0143372.ref034]\], and the fertilized eggs' density was adjusted to 10--20 individuals ml^-1^. After the hatching of oosperms, larvae were transferred to outdoor mesocosms (6.0 m × 2.0 m × 1.5 m, length × width × height). For each group, there were 5 mesocosms, and the rearing density was maintained at 0.5 individual ml^-1^ \[[@pone.0143372.ref035]\]. From the pre-auricularia stage, larvae were fed on a mixture of *Chaetoceros muelleri*, *Dunaliella salina* and marine red yeast. From pre-auricularia to post-auricularia stage, algal cells in the rearing water gradually increased from 1.0 × 10^4^ cells ml^-1^ to 2.5 × 10^4^ cells ml^-1^. Feeding rates were based on feeding activity of the larvae and concentrations of the algae in water. During the whole culture period, larvae were reared in natural seawater, and aeration was provided continuously. Natural seawater was filtered through a sand filter (salinity 30--32 ppt), and one-half to two-thirds of the rearing water was replaced daily. Water pH was about 7.8 and ammonia was less than 0.24 mg L^−1^. Water temperature, salinity, pH and ammonia were determined with a mercury thermometer (accuracy ± 0.2°C), salinity refractometer (AIAGO, Japan), pH meter (PH3150i, WTW, Germany), and hypobromite oxidation methods \[[@pone.0143372.ref036]\], respectively.

In each group, there were \> 20 million of juveniles. All juveniles of the four groups were randomly distributed into 20 outdoor mesocosms, and each group had 5 replicates. Mortalities of juvenile sea cucumbers were assessed during rearing. After at least a 2-month culture period in Xiapu, juveniles in each group were randomly collected for further physiological measurements.

Lethal temperatures in different groups {#sec007}
---------------------------------------

### The temperatures at which 50% of the sea cucumbers died (LT~50~) {#sec008}

Upper thermal limits in all the groups were assessed using a method previously described \[[@pone.0143372.ref022]\]. A total of 720 individuals were used in these studies (4 groups × 6 temperatures × 3 replicates × 10 individuals). The initial body weight of these animals was 0.32 ± 0.15 g (Mean ± SD), and individuals of essentially identical weight were assigned at random to 72 aquaria (10 individuals / aquarium). Ten specimens in each group (body weight: 0.32 ± 0.15 g, Mean ± SD) were used at each of the six temperatures (29, 30, 31, 32, 33 and 34°C). Three replicates were applied for each group and each temperature. Individuals were placed into a 2-l glass beaker. Water temperature in the beaker was adjusted to the designated values using a water bath (HBS-1000, EYELA, Tokyo, Japan). The water temperature was recorded every 5 min. After 2 h of heat shock, sea cucumbers were returned to the natural seawater (\~23°C) for 7 days, and mortalities were recorded. The temperatures at which 50% of the sea cucumbers died (LT~50~) and the 95% confidence limits were calculated using Probit analysis using SPSS.

### Induced thermal tolerance in group 1 and group 2 {#sec009}

Because there was no significant difference in LT~50~ between group 1 and group 2, an experiment was designed to measure whether there was significant difference in induced thermal tolerance between them. Based on the results from LT~50~, 29°C and 32°C were selected as the sublethal and lethal temperature, respectively. The temperature control method was similar to that in the experiment on thermal tolerance limits. A total of 60 individuals (body weight: 0.33 ± 0.14 g, Mean ± SD) from each group were exposed to sublethal temperature (29°C). After 2 h of heat shock, they were returned to natural water (\~23°C) for 24 h recovery. Then, 30 individuals (3 replicates × 10 individuals) were divided into three subsets and exposed to lethal temperature (32°C) for 2 h of heat shock. Subsequently, these animals were returned back to natural water for 7 days to assess mortalities. Thirty sea cucumbers (3 replicates × 10 individuals) from each group that experienced sublethal heat shock (NO-LHS) were transferred into natural seawater for 7 days to assess the mortality of juvenile *A*. *japonicus* which only encountered heat shock of 29°C.

Thirty individuals (3 replicates × 10 individuals) of each group without previous sublethal heat shock (NO-SHS) were exposed to lethal heat shock (LHS: 32°C, 2 h) and returned to natural seawater for 7 days to assess survival rate.

Oxygen consumption {#sec010}
------------------

### Seasonal difference of oxygen consumption rates (OCR) among groups {#sec011}

Ambient water temperature in Xiapu increased to \~23°C, \~26°C and \~29°C in June, July and August, respectively. In June, July and August, OCRs were measured in different groups. Prior to the test of oxygen consumption, juveniles were starved for 24 h to reduce associated metabolic responses to dietary state. The tested animal was put into a 330 ml conical flask with a rubber plug individually, which was immersed into a water bath (HBS-1000, EYELA, Tokyo, Japan) for temperature control. There were three replicates. Two blank controls to correct for the effect of the respiration of bacteria in the water were used. Oxygen content of water samples was determined using the dissolved oxygen analyzer (YSI 5000; YSI, Yellow Spring, OH, USA), and the OCR of the sea cucumber was calculated from, $$OCR\ ({\mu g\ O_{2} \cdot h^{- 1} \cdot g^{- 1}})\, = \,({D_{t}\ V_{t} - D_{0}\ V_{0}})/W\ T$$ where D~t~ represents the changes of the oxygen content (μg O~2~·L^−1^) before and after test in the test bottles; D~0~ is the changes of the oxygen content (μg O~2~·L^−1^) before and after test in the blank bottles; V~t~ and V~0~ are volumes of the test bottles and blank bottles (L); W is the wet weight of the sea cucumber (g); T is time duration (h).

### Difference of oxygen consumption rates (OCR) among different groups after acute heat shock {#sec012}

Temperatures were increased at a rate of 3°C h^-1^ from 23°C to 29°C, and then maintained at 29°C for 2 h using a water bath (HBS-1000, EYELA, Tokyo, Japan). After that, OCRs of the four groups (each group had 3 replicates) were measured using the methods described above.

Gene expression of *hsp*70 and *hsp*90 {#sec013}
--------------------------------------

When the ambient water temperature increased to 23°C, an experiment was carried out to compare expression of genes encoding heat shock proteins (*hsp*s) among the four groups. A total of 30 juveniles (body weight: 0.13 ± 0.04 g, Mean ± SD, 3 replicates × 10 individuals) in each group were randomly distributed into three 1L beakers and water temperature was increased at a rate of 3°C h^-1^ from 23°C to 29°C using a water bath. After exposure at 29°C for 2 h., specimens were immediately frozen in liquid nitrogen for analyses of gene expression. Juveniles without heat stress were also sampled when ambient water temperature increased to 23°C, 26°C and 29°C in June, July and August, respectively.

Total RNA was isolated from \~50 mg of body wall using Trizol Reagent (Invitrogen, Carlsbad, CA, USA). The first strand of cDNA was synthesized using total RNA as a template. Reverse transcriptase (RT) reactions were performed using a PrimeScript™ RT reagent Kit with gDNA Eraser (TAKARA, Shiga, Japan).

In order to compare the relative levels of expressions of *hsp*s between differing groups, three housekeeping genes (β-actin, 18S rRNA and Cytb) and two target genes (*hsp*70 and *hsp*90) were amplified with the same cDNA samples using primers as shown in [S1 Table](#pone.0143372.s002){ref-type="supplementary-material"}. PCR was carried out in a Bio-Rad CFX96 Real-Time PCR system (Bio-Rad, Hercules, CA, USA) in a 20 μl reaction volume containing 10 μl of 2 × FastStart DNA Universal SYBR Green Master (Roche, Grenzach-Wyhlen, Germany), 1 μl of each primer (10 nmol per μl), 1 μl of cDNA template and 7 μl of RNase-free water. The PCR program was 95°C for 30 s, followed by 40 cycles of 95°C for 10 s, 60°C for 25 s and 72°C for 25 s. All samples were measured in triplicate. Ct (dR) values were analyzed using the Bio-Rad CFX96 System Software (Bio-Rad, Hercules, CA, USA). The expression of *hsp*70 and *hsp*90 mRNA for different treatments was determined relative to the mean value of β-actin, 18S rRNA and Cytb.

Statistical analysis {#sec014}
--------------------

The data were analyzed using SPSS for Windows (Version 13.0; SPSS, Chicago, IL, USA). Data were tested for homogeneity of variances using the Levene's Test. One-way ANOVA followed by post hoc Tukey multiple range test was applied to analyze the differences in mortality during acclimatization period among different groups. The *hsp*70 and *hsp*90 data were log transformed to satisfy the requirement of homogeneity of variances. The differences in OCR, *hsp*70 and *hsp*90 in different seasons (June, July and August) and groups were analyzed using Two-way ANOVA followed by post hoc Tukey multiple range test. One-way ANOVA followed by post hoc Tukey multiple range test was applied to analyze the differences in mortality during acclimatization period, survival rate, OCR, *hsp*70 and *hsp*90 among different groups after acute heat shock. Difference in induced thermal tolerance between group 1 and group 2 was analyzed using independent samples t-test, respectively. Differences were considered significant at *P* \< 0.05.

Results {#sec015}
=======

Mortality during acclimatization {#sec016}
--------------------------------

Mortalities of adult and juvenile sea cucumbers were assessed during the acclimatization period ([S2 Table](#pone.0143372.s003){ref-type="supplementary-material"}, [S3 Table](#pone.0143372.s004){ref-type="supplementary-material"}). One-way ANOVA results showed that there were significant differences in mortality of adults among group 2 (15.002 ± 9.129%), group 3 (31.666 ± 9.128%) and group 4 (41.666 ± 8.335%) during acclimatization (*F* ~2,\ 14~ = 11.526, *P* = 0.002). But no significant difference was found over the period in which groups 3 and 4 were acclimating together with group 2 (*F* ~2,\ 14~ = 0.153, *P* = 0.860). During the two-month culture of juveniles, no significant difference in mortality was found among the four groups (*F* ~3,\ 19~ = 0.196, *P* = 0.898).

Lethal temperatures {#sec017}
-------------------

The survival rate of juvenile sea cucumbers decreased as exposure temperature increased from 29°C to 34°C ([S4 Table](#pone.0143372.s005){ref-type="supplementary-material"}). Probit analysis showed that LT~50~ values (95% confidence limits) were 30.659°C (30.443, 30.877°C), 30.661°C (30.454, 30.872°C), 31.146°C (30.939, 31.347°C) and 31.842°C (31.593, 32.089°C) in group 1, group 2, group 3 and group 4, respectively. LT~50~ values of group 3 and group 4 were significantly higher than those of group 1 and group 2. There was no significant difference in LT~50~ between group 1 and group 2, and LT~50~ of group 4 was significant higher than that of group 3 (*F* ~3,\ 11~ = 35.806, *P* \< 0.001).

The relationship between LT~50~ values of juveniles and duration (months) after southward transplantation of parents was analyzed. Results showed that there was a linear relationship between them (R^2^ = 0.910, *P* \< 0.001) ([Fig 2](#pone.0143372.g002){ref-type="fig"}).

![The relationship between offspring LT~50~ and duration (months) after southward transplantation of parents.\
There was a linear relationship between offspring LT~50~ and duration of transplantation of parents (R^2^ = 0.910, *P* \< 0.001). 95% Confidence intervals are shown by dashed lines.](pone.0143372.g002){#pone.0143372.g002}

After a sublethal heat shock of 29°C, sea cucumbers were returned to natural seawater for 24 h recovery and then were put into 32°C to measure their survival ([Fig 3](#pone.0143372.g003){ref-type="fig"}). Juveniles in all groups survived after the exposure at 29°C. Post-recovery survival after a heat shock of 32°C showed the survival rate of group 2 (88.89%) was significant higher than that of group 1 (73.05%, *P* = 0.006).

![Induced thermal tolerance following exposure to sublethal heat shock (SHS: 29°C) for 2 h.\
SHS sea cucumbers were incubated at natural sea water for 24 h, and then were given a potentially lethal heat shock (LHS: 32°C 2 h). "NO-SHS" refers to sea cucumbers without sublethal heat shock; "NO-LHS" refers to sea cucumbers given SHS without LHS. Values are mean ± S.E. (n = 3). Means with different letters are significantly different (*P* \< 0.05).](pone.0143372.g003){#pone.0143372.g003}

Oxygen consumption rates {#sec018}
------------------------

The initial and final oxygen concentrations in each measurement are shown in [S5 Table](#pone.0143372.s006){ref-type="supplementary-material"}. Two-way ANOVA results showed that the oxygen consumption rates (OCRs) were significantly different among the four groups (*F* ~3,\ 36~ = 15.388, *P* \< 0.001) and among different temperatures (*F* ~2,\ 36~ = 121.066, *P* \< 0.001). There was significant interaction among different temperatures and groups (*F* ~6,\ 36~ = 15.582, *P* \< 0.001). At 23°C and 26°C, OCRs of group 1 and group 2 were significantly higher than OCRs of the other two groups; however, OCRs of group 2, group 3 and group 4 were significantly higher than that of group 1 at 29°C ([Fig 4](#pone.0143372.g004){ref-type="fig"}). The relationship between offspring seasonal variations of oxygen consumption and duration after southward transplantation of parents was analyzed. Results showed that there was a linear relationship between them (R^2^ = 0.950, *P* = 0.025) ([Fig 5](#pone.0143372.g005){ref-type="fig"}).

![Season variation of oxygen consumption rate of juvenile sea cucumbers.\
After artificial breeding, juveniles were cultured in outdoor mesocosms. When temperature increased to 23°C in June 2013, 26°C in July 2013 and 29°C in August 2012, oxygen consumption was measured. Values with different letters are significantly different (*P* \< 0.05) among different groups at the same temperature.](pone.0143372.g004){#pone.0143372.g004}

![The relationship between offspring seasonal variations of oxygen consumption and duration after southward transplantation of parents.\
The F values of One-way ANOVA analyses, which were applied to analyze the differences of oxygen consumption among different temperatures within the same group, represent the seasonal variations of oxygen consumption. There was a linear relationship between offspring seasonal variation of oxygen consumption and duration of transplantation of parents (R^2^ = 0.950, *P* = 0.025). 95% Confidence intervals were shown by dashed lines.](pone.0143372.g005){#pone.0143372.g005}

OCRs of the four groups after acute heat shock (transfer from 23°C to 29°C) were significantly different (*F* ~3,\ 11~ = 19.469, *P* \< 0.001), and OCRs of group 3 and group 4 were significantly lower than the other two groups ([Fig 6](#pone.0143372.g006){ref-type="fig"}). Individuals of group 4 had the lowest OCR (14.481 ± 0.928 μg O~2~ g^-1^ h^-1^).

![Oxygen consumption rate of juvenile sea cucumbers after acute heat shock.\
Values with different letters are significantly different (*P* \< 0.05). Values are mean ± S.E. (n = 3).](pone.0143372.g006){#pone.0143372.g006}

The relationship between oxygen consumption after acute and chronic thermal stress was analyzed. In the present study, the temperature increase from 23°C to 29°C from June to August 2012 can be regarded as a chronic thermal stress (OCR~c~); the temperature increase used in heat-stress experiments, an increase from 23°C to 29°C within 2 h, can be regarded as an acute thermal stress (OCR~a~). At the same temperature (29°C), the ratios between OCR~a~ and OCR~c~ were different among different groups ([Fig 7](#pone.0143372.g007){ref-type="fig"}). OCR~a~s of group 1, group 2 and group 3 were significantly higher than OCR~c~s in the corresponding group (independent t-test: group 1, *P* = 0.001; group 2, *P* = 0.002; group 3, *P* = 0.005). However, there was no significant difference between OCR~a~ and OCR~c~ in group 4 (independent t-test: group 4, *P* = 0.453).

![The relationship between oxygen consumption after acute and chronic thermal stress.\
The temperature increase from 23°C to 29°C between June and August 2012 can be regarded as a chronic thermal stress (OCR~c~); the temperature increase from 23°C to 29°C within 2 h can be regarded as an acute thermal stress (OCR~a~). In group 1 and 2, OCR~a~ was dramatically higher than OCR~c~. However, there was no obvious difference between OCR~a~ and OCR~c~ in group 3 and group 4, especially in group 4.](pone.0143372.g007){#pone.0143372.g007}

Heat shock response {#sec019}
-------------------

Two-way ANOVA results showed that levels of expression of genes encoding heat-shock proteins, *hsps*, of group 4 were significantly higher than those of the other three groups (*hsp*70, *F* ~3,\ 36~ = 23.795, *P* \< 0.001; *hsp*90, *F* ~3,\ 36~ = 7.150, *P* = 0.001). However, there was no significant difference in *hsp* expression of individuals collected at different time points (*hsp*70, *F* ~2,\ 36~ = 0.589, *P* = 0.563; *hsp*90, *F* ~2,\ 36~ = 0.430, *P* = 0.857, [Fig 8](#pone.0143372.g008){ref-type="fig"}).

![Levels of (a) *hsp*70 and (b) *hsp*90 mRNA of juvenile sea cucumbers in June, July and August.\
Values are mean ± S.E. (n = 3). Values with different letters are significantly different (*P* \< 0.05) among different groups at the same temperature.](pone.0143372.g008){#pone.0143372.g008}

After acute heat shock at 29°C, genes encoding heat shock proteins were significantly upregulated in all the four groups ([Fig 9](#pone.0143372.g009){ref-type="fig"}). The maximum values of *hsp* expression occurred in group 3, and *hsp* levels in group 3 were significantly higher than in group 1 and group 2 (*hsp*70: *F* ~3,\ 11~ = 6.800, *P* = 0.014; *hsp*90: *F* ~3,\ 11~ = 4.108, *P* = 0.049), but there was no significant difference in *hsp* expression between group 3 and group 4.

![Levels of (a) *hsp*70 and (b) *hsp*90 mRNA of juvenile sea cucumbers after acute thermal stress.\
Water temperature was increased from 23°C to 29°C within 2h. Values are mean ± S.E. (n = 3). Values with different letters are significantly different (*P* \< 0.05).](pone.0143372.g009){#pone.0143372.g009}

Discussion {#sec020}
==========

Two typical sites for sea cucumber farming in China were selected in this study. Qingdao is the natural range of sea cucumber *A*. *japonicus*, and Xiapu, \~1000 km away from the southern limit of natural distribution of this species is the main region for north-to-south sea cucumber culture. Throughout the whole year in 2012, water temperature in Xiapu was 3--7°C higher than that in Qingdao ([Fig 1A](#pone.0143372.g001){ref-type="fig"}). Thus, Xiapu can be regarded as an appropriate location to evaluate the impact of future climate change on the marine invertebrate that naturally occurs in northern China.

In the present study, all the adult sea cucumbers used for artificial breeding were collected from the same broodstock in a same pond in Qingdao, and there was no sea cucumber replenishment from 2010 to 2014. Moreover, larvae of the four groups were reared under a common garden condition in field mesocosm in Xiapu. Thus, the difference in thermal tolerance among different groups should be mainly attributed to the divergent thermal history of adult sea cucumbers. Results of Tukey Post hoc analysis showed that mortality of adults in group 2 was significantly lower than that in group 3 and group 4, and there was no statistical difference between group 3 and group 4. But no significant difference in mortality was found in the culture of juveniles among the four groups. In Northern China, \~10% mortality was common for adult sea cucumbers cultured in aquaculture ponds, and this value can reach to 30%-40% due to the high temperature in summer \[[@pone.0143372.ref037]\]. In the present study, high mortality rates of adults in group 3 and group 4 might result from higher temperature and longer duration of acclimatization. And after the long acclimatization in field mesocosms, surviving adults had the ability to cope with high tempetatures. The acquisition of high thermal resistance could be attributed to the following two reasons. One was the plasticity of thermal tolerance in *A*. *japonicas*, which was indicated several times in previous studies \[[@pone.0143372.ref022],[@pone.0143372.ref038]--[@pone.0143372.ref040]\]. The other could be the role of natural selection, and adults that were adaptable to high temperatures survived during the acclimatization. However, due to the lack of genetic diversity data and enough specimens, quantitative genetic analysis was not conducted here, and further study is needed to clarify this causation.

The most important finding in the present study is the existence of a parental effect of long acclimatization on thermal tolerance of juvenile sea cucumbers. Upper lethal thermal resistance can be influenced by a variety of factors including body size, condition factor of the animals, rate of temperature change, and thermal history \[[@pone.0143372.ref033],[@pone.0143372.ref041]\]. And among them, thermal history is considered to be the most critical \[[@pone.0143372.ref039],[@pone.0143372.ref042]\]. In the present study, LT~50~ values of juvenile sea cucumbers of group 3 (31.146°C) and group 4 (31.842°C) were significantly higher than those of group 1 (30.659°C) and group 2 (30.661°C). Although there was no significant difference between group 1 and group 2, individuals in group 2 acquired a higher induced thermal tolerance than group 1. Interestingly, offspring's LT~50~ values were linearly related to the time period that elapsed after southward transplantation of parents ([Fig 2](#pone.0143372.g002){ref-type="fig"}). These results clearly indicated that acclimatization of parents to different thermal environments can affect the upper thermal limit of their offspring. These results are in line with the beneficial acclimation hypothesis (BAH) \[[@pone.0143372.ref015]\], which presumes that acclimatization to a particular environment gives an organism a performance advantage in that environment over another organism that has not had the opportunity to acclimate to that particular environment. The causation of the high thermal tolerance of the juveniles might be due to the developmental plasticity, which was closely related to the endocrine hormones and DNA methylation \[[@pone.0143372.ref043], [@pone.0143372.ref044]\]. A detailed genetic structure analysis will be carried out to confirm the genetic homogeneity among the four groups.

Another important finding is that the metabolic response to chronic and acute thermal stress among groups was different. Offspring whose parents experienced high temperature acclimatization had higher resistance of metabolism (OCR) to thermal stress. The oxygen consumption of *A*. *japonicus* is sensitive to high temperature, and when temperature exceeds the critical temperature, OCR decreases with rising temperature \[[@pone.0143372.ref021]\]. In the present study, OCR in all four groups initially increased in July (26°C), and then decreased in August 2013 (29°C) in the outdoor mesocosms. The *F* values of One-way ANOVA, which was applied to indicate the differences of oxygen consumption rates of juveniles among different seasons within one group, were significantly related to the duration after southward transplantation of parents ([Fig 5](#pone.0143372.g005){ref-type="fig"}). These results confirmed that offspring whose parents experienced longer periods of acclimatization at high temperature had less seasonal variations of oxygen consumption rates. Furthermore, comparison analysis between OCR~a~ and OCR~c~ showed that juveniles in group 4 had stable OCRs, indicating that the capability of coping with acute thermal stress was much better than individuals from other groups.

Juveniles whose parents experienced high temperature acclimatization had relatively high level of expression of genes encoding heat shock proteins (*hsp*70 and *hsp*90) from June to July 2012. It is well known that heat shock proteins play important roles for protecting proteins as molecular chaperones \[[@pone.0143372.ref028],[@pone.0143372.ref037],[@pone.0143372.ref045]\]. The constitutive expression of *hsp*s in group 4 indicates that offspring whose parents experienced high temperature acclimatization has a "preparative defense" strategy. Previous studies found that limpets encountering extreme and unpredictable heat stress in the upper intertidal zone had higher levels of constitutive heat shock protein expression than species occurring lower in the intertidal region \[[@pone.0143372.ref031],[@pone.0143372.ref046]\]. A similar observation was made in field-acclimatized congeneric turban snails that occur at different vertical positions in rocky intertidal habitats \[[@pone.0143372.ref047]\]. However, the factors causing high levels of constitutive *hsp* expression in group 4 need to be clarified in future studies.

High-temperature acclimatization can also affect offspring's heat shock response to acute thermal stress. In the present study, *hsp* expression in all four groups increased dramatically when temperature was increased from 23°C to 29°C within 2 h. Among the four groups, sea cucumbers in group 3 had relatively high *hsp* expression compared to group 1 and group 2, which is in accordance with the relatively high upper thermal limits of group 3. However, *hsp* expression of juveniles in group 4 was not significantly higher than in group 1 and group 2. Considering the high upper thermal limit of group 4, there likely are other physiological mechanisms underlying the ability of this group to survive at high temperatures.

In summary, juvenile sea cucumbers whose parents experienced high temperature acclimatization acquired higher thermal tolerance. With increased duration of parental acclimatization at high temperature, offspring became less sensitive to high temperature, as indicated by higher upper thermal limits, less seasonal variation of oxygen consumption, and relatively stable oxygen consumption between chronic and acute thermal stress. The relatively high level of constitutive expression of genes encoding heat shock proteins is likely to be one mechanisms accounting for increased thermal tolerance. Due to the existence of a parental effect of long acclimatization, the thermal sensitivity of sea cucumbers to elevated temperatures under scenarios of future climate change possibly will be reduced.
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